Cell walls are primary determinants of plant growth and an important determinant of resistance to pathogens (Bacic et al., 1988) . Polysaccharides are the major components of these walls, but the processes by which wall polysaccharides are synthesized and then assembled into a growing wall are not well known. In recent years, genes that may encode some of the polysaccharide synthase enzymes have been identified in the genomes of Arabidopsis and other plants, often using similarity to bacterial or fungal gene sequences. We are now faced with the task of determining the functions in plant wall synthesis of these candidate genes.
Cellulose synthase (CelS; EC 2.4.1.12) assembles the (1,4)-␤-glucan backbone of cellulose. The first genes proposed to encode plant CelS, now named GhCesA1 and GhCesA2, were identified using a plant cell highly enriched in cellulose, the cotton fiber (Pear et al., 1996; Delmer, 1999) . Plant and bacterial CesA genes share small, highly conserved regions such as the D,D,D,QXXRW motif that may be important for substrate binding and catalysis in the family 2 ␤-glycosyl transferases (Saxena et al., 1995; Campbell et al., 1997) . The cotton CesA protein is predicted to be a membrane-bound protein of approximately 110 kD with eight transmembrane helices, two at the N terminus and six at the C terminus, plus a central cytoplasmic domain containing the catalytic site. Genetic complementation of cellulose-deficient mutants in Arabidopsis has shown that the CesA genes encode CelS enzymes (Arioli et al., 1998; Taylor et al., 1999) .
A relatively large number of Arabidopsis and other plant sequences are related to CesA, and this set of genes has been divided into the "true" CesA family plus six distinct groups of cesA-like (Csl) genes labeled Csl A, B, C, D, E, and G (Holland et al., 2000; Richmond and Somerville, 2000) . To date, no definite function has been assigned to any Csl gene, although they all contain the D,D,D,QXXRW motif and thus probably encode ␤-glycosyl transferases. The CesA and Csl genes might all encode CelS enzymes that form cellulose in the different cell types and developmental stages in plants, or alternatively some may encode other ␤-glycosyltransferases that synthesize the backbone of polymers such as xyloglucans, mannans, xylans, mixed-linkage glucans, and callose (Carpita and Vergara, 1998; Delmer, 1999; Richmond and Somerville, 2000) . It is interesting that, although most bacterial genes related to the plant CesA/Csl gene superfamily encode (1,4)-␤-glucan synthases, the Agrobacterium CrdS gene is involved in (1,3)-␤-glucan (callose) synthesis (Stasinopoulos et al., 1999) .
Expression profiles of members of the CesA/Csl superfamily in plants are currently being determined in an effort to gain insight into the functions of these genes (Holland et al., 2000) .
Callose synthase (CalS; EC 2.4.1.34) assembles the (1,3)-␤-glucan backbone of callose. Callose is deposited at a range of locations during plant development, as well as in response to wounding. A number of unpublished reports describe plant genes with sequence similarity to the fungal (1,3)-␤-glucan synthase FKS genes (Douglas et al., 1994) and have proposed that these genes encode CalS in cotton fibers (Cui et al., 1999) , suspension-cultured Lolium endosperm cells (Wardak et al., 1999) , Hieracium ovules (Paech et al., 1999) , Nicotiana pollen tubes (Doblin et al., 2000) , Arabidopsis flowers (Østergaard et al., 2000) , and cultured tobacco cells (Hong et al., 2000) . The encoded enzymes are very large with the cotton CFL cDNA, for example, predicted to encode a 1,899 amino acid polypeptide with a molecular mass of 219 kD (Cui et al., 1999) . The Arabidopsis genome contains 12 genes with similarity to FKS, and these are provisionally known as glucan-synthase-like (Gsl) genes (http://cellwall.stanford.edu/).
Pollen tubes, the male gametophyte generation of flowering plants, provide an excellent system in which to study the synthesis of these wall glucans. Pollen tubes are formed when pollen grains germinate, normally on the receptive surface of the female stigma, and then grow extracellularly through the stylar tissue to the embryo sac (Derksen et al., 1995) . Sufficient pollen of Nicotiana alata (ornamental tobacco) can be collected to grow relatively large amounts of tubes in liquid culture with a morphology and wall structure similar to those of tubes growing through compatible stylar tissue (Read et al., 1993a (Read et al., , 1993b Li et al., 1999) . Whereas the wall polysaccharides of N. alata pollen grains are typical of those of most somatic plant cells and include cellulose, xyloglucan, and pectins, the major component of the pollen-tube wall is (1,3)-␤-glucan (callose). Callose constitutes 86% by weight of pollen-tube wall carbohydrate with the other constituents being (1,4)-␤-glucan (cellulose, 5%) and two pectins, a neutral, linear (1,5)-␣-l-arabinan (4%) and an acidic (1,4)-␣-d-galacturonan (5%) (Li et al., 1999) . The tubes grow by tip extension, producing an outer wall layer that is believed to contain solely arabinan and galacturonan. Cellulose is deposited 5 to 15 m behind the growing tube tip, then this inner secondary wall layer is thickened from approximately 30 m behind the tip with callose (Ferguson et al., 1998) . This spatial separation of cellulose and callose deposition in pollen tubes is consistent with the existence of two different glucan synthase complexes in agreement with the separate CelS and CalS enzyme complexes reported from somatic cells (Kudlicka and Brown, 1997) .
Membrane preparations from in vitro-grown pollen tubes of N. alata contain a novel and highly active CalS enzyme that does not require Ca 2ϩ for activity. This enzyme is developmentally regulated with activity appearing 1 to 2 h after grain hydration and displays activation kinetics consistent with initial synthesis as an inactive zymogen (Schlü pmann et al., 1993 (Schlü pmann et al., , 1994 Li et al., 1997 Li et al., , 1999 . The pollen-tube CalS is thus different from the CalS activity of wounded somatic cells that has been suggested to be an altered form of CelS (Delmer, 1999) . As for most other plant cells, effectively no CelS activity can be detected in disrupted pollen tubes (Schlü pmann et al., 1993 (Schlü pmann et al., , 1994 .
In the work reported here, we use the unique characteristics of the pollen-tube system as a means to allocate functions to the different families of ␤-glucan synthase genes. A reverse transcriptase (RT)-PCR approach using known bacterial, yeast, and plant sequences was used to target (1,4)-␤-and (1,3)-␤-glucan synthase genes expressed in Nicotiana pollen tubes, and these were then related to the various genes described in Arabidopsis. We report that Nicotiana pollen tubes do not express any "true" CesA genes and instead express a member of the related CslD family (NaCslD1). We also report that a member of the Gsl gene family (NaGsl1) is abundantly expressed in pollen tubes.
RESULTS

Isolation of a CslD Gene Expressed in Pollen Tubes
An RT-PCR approach was used to clone the CesA/ Csl genes expressed in N. alata pollen tubes. A consensus sequence surrounding the conserved residues of the D,D,D,QXXRW motif was identified by aligning the CesA genes of Acetobacter xylinum and Agrobacterium tumefaciens (known to encode (1,4)-␤-glucan synthases) with several rice and Arabidopsis CesA expressed sequence tags (EST). The degenerate primers UGF and DOMB1R were then designed to recognize the sequence context of the first two D residues. Using these primers, an approximately 700-bp fragment was amplified by RT-PCR from pollen-tube RNA (Fig. 1, lane 2) . This fragment was approximately 150-bp larger than the bands amplified using these primers on D47622, a rice CesA EST (Fig. 1, lane 1) , or on N. alata leaf cDNA (Fig. 1, lane  3) , indicating additional sequences in the pollentube-expressed gene. The 700-bp fragment was isolated and cloned, and the inserts of 21 independent clones were sequenced. Six of these had identical sequences, including matches to the back-translated amino acid sequence to which the primers were designed; other clones were not derived from genes encoding target sequences. Comparison of the six identical sequences to databases and to sequences collated and categorized by the Somerville laboratory (http://cellwall.stanford.edu; Richmond and Somerville, 2000) indicated that the gene they represent was most similar to the cellulose-synthase-like CslD gene family rather than to the CesA gene family. The UGF and DOMB1R primers were therefore suitable for amplification of this region in the CslD genes as well as the CesA genes to which they were designed.
The entire CslD cDNA isolated from a pollen-tube library is 3,621 bp in length, has an open reading frame (ORF) of 3,381 bp, and is predicted to encode a 1,127 amino acid polypeptide with a molecular mass of 125 kD and a pI of 6.9. Based on its similarity with the CslD genes, this cDNA was named NaCslD1 and has been deposited in GenBank with accession no. AF304375.
Identification of Other CesA/Csl Family Members Expressed in Pollen Tubes
In addition to the major 700-bp band, the products of RT-PCR amplification with the UGF and DOMB1R primers included minor products of approximately 450 bp and approximately 550 bp (Fig. 1, lane 2) . These smaller fragments were pooled, cloned, and inserts of 23 clones were sequenced. Six had identical sequences and included matches to the backtranslated amino acid sequence to which the primers were designed. Database comparisons indicated that they represented a member of the CesA gene family, and thus the gene was named NaCesA1. However, extensive screening of the pollen-tube library failed to identify any cDNAs that hybridized to the Na-CesA1 fragment. A full-length cDNA was isolated from a N. alata pistil library, and comparison of this sequence with other sequences confirmed that this cDNA encoded a CesA protein (Fig. 2) . The sequence has been deposited in GenBank with accession no. AF304374.
Isolation of a Gsl Gene Expressed in Pollen Tubes
Regions conserved between the fungal FKS genes that encode (1,3)-␤-glucan synthases, the recently cloned CFL1 gene from cotton (Cui et al., 1999) and 12 similar Arabidopsis genes (named Gsl genes; http:// cellwall.stanford.edu/), were identified from an alignment of the encoded polypeptides and used to design three forward and three reverse "Fks" primers.
When pairs of these Fks primers were used to amplify sequences from pollen-tube RNA, the fragments observed were similar in size to those predicted from the sequences of the CFL1 and the Arabidopsis Gsl genes (data not shown). Primers Fks3F and Fks7R were expected to amplify an approximately 820-bp fragment, and a fragment of this size was the most abundant product in the reaction (Fig.  1, lane 4) . A fragment of the expected size was also obtained using leaf RNA but was far less abundant ( Fig. 1, lane 5) . The approximately 820-bp pollen-tube fragment was cloned, and inserts of 19 clones were sequenced. Two different fragments, both with significant sequence similarity (Ͼ65% at the amino acid level) to the plant Gsl sequences, were identified. The two sequences had only 66% identity with each other and so it is likely that these fragments are the amplification products of distinct Gsl genes. These genes were therefore named NaGsl1 and NaGsl2, respectively.
Based on the expression profile of NaGsl1 and NaGsl2 (see below), the RT-PCR fragment of NaGsl1 was chosen to screen the pollen-tube cDNA library and isolate a full-length cDNA. The entire cDNA sequence of NaGsl1 is 6,266 bp in length and contains an ORF of 5,793 bp that is predicted to encode a 1,931 amino acid polypeptide with a molecular mass of 221 kD and a pI of 9.6. The full sequence of NaGsl1 and the partial sequence of NaGsl2 have been deposited in GenBank with accession nos. AF304372 and AF304373.
Sequence Analysis of NaCslD1
Figure 2 shows a cladogram of selected polypeptides deduced for the plant CesA/Csl family. NaCslD1 groups with the other CslD sequences with a bootstrap value of 100%. This grouping is robust and was seen when trees were built using other algorithms available in PAUP (Swafford, 1999) , when amino acids and gaps were included in the alignment, and when only the "informative" regions (defined as those regions in which all aligned polypeptides have blocks of overlapping amino acid sequence) were included. The deduced NaCesA1 polypeptide grouped with the other CesA proteins (Fig. 2) .
The CslD clade includes polypeptides predicted from all five full-length Arabidopsis CslD genes (AtCslD1-AtCslD5) and both full-length rice CslD genes (OsCslD1 and OsCslD2) (Fig. 2) . The overall amino acid identity between NaCslD1 and the other CslD proteins ranges from 64% (AtCslD5, 78% similarity) to 82% (AtCslD4, 91% similarity). The NaCslD1 gene may therefore be the N. alata homolog of AtCslD4.
NaCslD1 had lower identity with the deduced Arabidopsis CesA polypeptides (46% with RSW1/ AtCesA1 and 48% with IRX3/AtCesA7). However, the CslD and CesA proteins still share many features and are more related to each other than either is to members of other Csl clades. Figure 3A illustrates some of these common features. Thus, NaCslD1 contains all the regions expected in a plant CesA protein (Pear et al., 1996) , including the three homology domains (H-1, H-2, and H-3), the plant-conserved region (P-CR) and a hypervariable region (HVR) (Fig.  3A) . Within the homology domains lie more highly conserved regions containing the conserved D residues and the QXXRW sequence. In NaCslD1, as in the CesA and other CslD polypeptides, the two amino acids after the Q residue are V and L, forming a D,D,D,QVLRW motif for this clade. The N-terminal domains of the CesA and CslD proteins contain a Cys-rich region (the LIM domain) that is not present in other Csl proteins (Fig. 3A) .
A hydropathy plot of NaCslD1 indicated the presence of eight transmembrane helices (TMHs), two at the N terminus and six at the C terminus ( Fig. 3B) , with the N-and C-terminal sets of helices separated by a region of approximately 60 kD. Like CesA polypeptides, NaCslD1 lacks obvious signal sequences, and the first TMH is presumed to direct insertion into the endomembrane system. NaCslD1 can be folded in a similar way to GhCesA1 (Fig. 3C ) and has six potential N-glycosylation sites ( Fig. 3C ; Pear et al., 1996) , two of which (Asn 217 and 860) are at similar places to sites in GhCesA1, but none of these sites are predicted to be extracellular and thus NaCslD1 may not be N-glycosylated.
Despite the high degree of similarity, several features distinguish NaCslD1 from the CesA proteins. Within their central region, the proteins encoded by NaCslD1 and the Arabidopsis and rice CslD genes have three short insertions that are not found in the proteins encoded by CesA or other Csl family members (Fig. 3A ). An additional insertion is also found in the N-terminal domain. This domain in NaCslD1 contains 294 amino acids and is comparable in length with corresponding regions from Arabidopsis and rice CslD proteins, which range in length from 268 to 319 amino acids. (An exception to this is AtCslD1 in which the N-terminal domain is 184 amino acids in length.) The length of the N-terminal domains of the CesA proteins also varies, but at 174 to 283 amino acids is generally shorter than those of the CslD proteins. The LIM domain (see below) is at least 100 amino acids from the N-terminal end of NaCslD1 and four of the five Arabidopsis CslD proteins, but is no more than 40 amino acids from the N terminus of CesA proteins.
The Cys-rich regions of the CesA and CslD proteins most closely resemble the double-zinc-finger consensus sequence of a LIM domain (Sánchez-García and Rabbitts, 1994) . LIM domains may play a role in protein-protein or protein-lipid interactions. The 8 Cys residues in the CesA LIM domain are spaced symmetrically, whereas in the CslD proteins the spacing of Cys residues is variable and not symmetrical.
The HVR is reasonably well conserved within the CslD proteins. The NaCslD1 HVR is 103 amino acids in length and has 56% amino acid identity with the HVR of AtCslD5 and 81% identity with the HVR of AtCslD4. However, the NaCslD1 HVR has only 25% to 48% identity with the HVRs of the Arabidopsis CesA proteins and does not contain the stretches of basic amino acids (KKK, RKK) or the Cys residues interspersed by acidic (D, E) residues that are typical of the HVR of the CesA sequences (Pear et al., 1996; Carpita and Vergara, 1998;  Fig. 3 ; data not shown).
Sequence Analysis of NaGsl1
Analyses of the deduced NaGsl1 polypeptide, the full-length plant Gsl polypeptide sequences, and representative fungal FKS polypeptide sequences showed that, as a group, the plant Gsl sequences were more closely related to each other than to any of the fungal FKS sequences (Fig. 4) . The plant Gsl sequences fell into three clades with NaGsl1 grouping to the largest clade containing eight of the Arabidopsis Gsl sequences. CFL1 (ϭ GhGsl1), a rice Gsl, and two Arabidopsis Gsl sequences (AtGsl8 and AtGsl10) formed a second, smaller clade, and the RT-PCR fragment of NaGsl2 grouped within this clade. Two other Arabidopsis Gsl sequences (AtGsl1 and AtGsl5) formed the third clade. The AtGsl1 and AtGsl5 polypeptides are clearly distinct from other (Arioli et al., 1998) as comparison, drawn to scale as boxes. Length of total amino acid sequence is shown at the end of each box. Proteins are divided into the seven domains defined by Pear et al. (1996) . H-1, H-2, and H-3 (gray boxes) are homology domains; P-CR, plant conserved region; HVR, hypervariable region; N and C refer to the N-and C-terminal domains, respectively. Numbers above the NaCslD1 box and below the AtCesA1 box show the number of amino acids within each domain. Amino acid identity (%) within a domain is given below the figure. Black boxes define the regions containing motifs of the conserved D,D,D,QXXRW domain as defined by Pear et al. (1996) . A hatched box indicates the Cys-rich LIM domain. Dashed boxes in the NaCslD1 sequence indicate the insertion in the N-terminal domain, and the three insertions in the P-CR region. The position corresponding to the 700-bp UGF-DOMB1R fragment produced by RT-PCR is also shown. B, Hydropathy plot of the predicted NaCslD1 protein. Horizontal black bars indicate the eight predicted TMHs. C, Topology model of NaCslD1 based on the GhCesA1 model proposed by Pear et al. (1996) . Cw, Cell wall; PM, plasma-membrane; cyt, cytoplasm; F, location of potential N-glycosylation sites; 1 through 8, the TMHs.
Arabidopsis Gsl members, being approximately 100 amino acids shorter and being encoded by genes that have two and three exons, respectively, compared with the approximately 40 exons of the other Arabidopsis Gsl family members (http://cellwall.stanford. edu/cellwall/index.html). The overall amino acid identity of NaGsl1 with the 12 Arabidopsis Gsl genes ranged from approximately 48% (AtGsl1, AtGsl5, AtGsl8, and AtGsl10, approximately 68% similarity) to 81% (AtGsl2, 90% similarity), and NaGsl1 may therefore be the N. alata homolog of AtGsl2. Figure 5A shows the structure of the NaGsl1 gene and a comparison with the fully sequenced cotton cDNA. A hydropathy plot of the deduced NaGsl1 protein predicted six TMHs near the N terminus and 10 THMs at the C terminus (Fig. 5B) . The yeast FKS1 polypeptide (ScFKS1) is predicted to have a similar hydrophobicity profile, with the N terminus, the C terminus, and the large, central, hydrophilic region all on the cytoplasmic side of the membrane (Douglas et al., 1994) ; NaGsl1 may have the same topology (Fig. 5C) . Comparison of NaGsl1 with CFL1 and the Arabidopsis and rice Gsl polypeptides indicated that these regions are generally of a similar length, whereas the fungal polypeptides all have a shorter central domain and longer C-terminal domain. Like the CesA and CslD polypeptides, NaGsl1 and the other plant Gsl polypeptides lack obvious signal sequences. NaGsl1 has eight potential N-glycosylation sites (Fig. 5C) , one of which (Asn 530) is predicted to be extracellular.
Overall, NaGsl1 shares 48% identity and 68% similarity at the amino acid level with CFL1, with highest levels of sequence identity being in the central region (56%) and C-terminal domain (55%) (Fig. 5A) . Both NaGsl1 and CFL1 lack the D,D,D,QXXRW motif found in the family 2 inverting ␤-glycosyl transferases such as those encoded by the CesA and Csl genes (Saxena et al., 1995; Campbell et al., 1997) , as well as the proposed UDP-Glc-binding motif present in family 1 inverting ␤-glycosyl transferases such as the glucosyl-and glucuronosyl-transferases that transfer single glycosyl residues (Mackenzie et al., 1997) . The Gsl polypeptides also do not contain sequences that resemble the UDP-Glc-binding consensus (R/K) XGG found in glycogen synthase (Farkas et al., 1990) . Last, the products of the fungal FKS and plant Gsl genes share no significant sequence similarity to the catalytic subunit polypeptide of the bacterial (1,3)-␤-glucan synthase, CrdS (Stasinopoulos et al., 1999) . Thus, novel sequence motifs within the Gsl polypeptides specify the amino acids critical for substrate binding and catalysis.
Expression Analysis of NaCslD1
The RT-PCR fragment of NaCslD1 was used to probe blots of RNA isolated from various N. alata tissues, including pollen tubes grown in vitro. An abundant transcript of 4.0 kb was detected in mature pollen and in pollen tubes growing actively in culture (Fig. 6A) . This transcript was also present in anthers containing binucleate pollen grains (5-7-cm flower buds; Dodds et al., 1993) but was not found in anthers before pollen mitosis (2-to 3-cm flower buds), in other floral organs, in leaves, or stems, or in rapidly growing suspension-cultured cells (of N. plumbaginifolia). The transcript was present, however, at a low level in roots. NaCslD1 is therefore expressed abundantly in male gametophyte tissues after pollen mitosis.
Expression Analysis of NaCesA1
Using the NaCesA1 RT-PCR fragment as a probe, transcripts of 3.8 kb were detected at a low level in a range of floral and vegetative tissues including leaf, stem, root, sepals, and petals but were not detected in the male gametophyte (pollen or anthers) at any stage of development (Fig. 6B) . NaCesA1 transcripts were very much less abundant than those of NaCslD1 (compare Fig. 6, A and B) . Weak cross-hybridization to NaCslD1 transcripts of 4.0 kb was observed in mature pollen and anther samples (Fig. 6B) . Douglas et al., 1994; Kelly et al., 1996) were included as an outgroup. Bootstrap supports are indicated along the relevant branches.
NaCesA1 transcripts are thus undetectable in pollen tubes by RNA-blot hybridization but are detectable after RT-PCR. No other Csl products were detected by RT-PCR using the UGF and DOMB1R primers on pollen-tube RNA (although CslA and CslC transcripts would give products smaller than the 450-to 700-bp range analyzed). Pollen tubes thus appear to express one CslD gene abundantly and one CesA gene at a very low level.
Expression Analysis of NaGsl1 and NaGsl2
The RT-PCR fragments of NaGsl1 and NaGsl2 were also used to probe blots of RNA isolated from vari- (Cui et al., 1999) as comparison, drawn to scale as boxes. Length of total amino acid sequence is shown at the end of each box. Proteins are divided into the four domains defined by Douglas et al. (1994) . N, N-terminal domain; TM1 and TM2, first and second transmembrane domains; cyt, cytoplasmic domain. Numbers above the NaGsl1 box and below the CFL1 box show the number of amino acids within each domain. Amino acid identity (%) within a domain is given below the figure. The position corresponding to the 820-bp Fks3F-7R fragment produced by RT-PCR is also shown. B, Hydropathy plot of the predicted NaGsl1 protein. Horizontal black bars indicate the 16 TMHs. C, Topology model of NaCslD1 based on the yeast FKS1 model (Douglas et al., 1994) . 1 through 16, The tMHs. Abbreviations and locations of potential N-glycosylation sites are as for Figure 3. ous N. alata tissues. The NaGsl1 fragment detected an abundant transcript of approximately 6.3 kb that was expressed in late-stage anthers, mature pollen, and pollen tubes grown in culture (Fig. 6C) . Transcript levels peaked in mature pollen and remained at a high level over 24 h of pollen-tube growth. The NaGsl1 fragment detected no transcripts in other floral tissues during their development or in any vegetative tissue tested (Fig. 6C) .
The RT-PCR fragment of NaGsl2 also detected an approximately 6.3-kb transcript, but this was much less abundant than the NaGsl1 transcript (Fig. 6D) . The NaGsl2 transcript was present at low levels in a number of immature floral organs including ovaries from immature flower buds, as well as in mature pollen and pollen tubes grown in culture for 4 h but not in older pollen tubes.
DISCUSSION
Three groups of plant wall polysaccharide synthase genes have been identified by the sequence homology approach to date. The CesA gene family includes two genes that have been deduced to encode CelS enzymes through mutant complementation (Arioli et al., 1998; Taylor et al., 1999) , although no direct proof of enzyme activity is available and corresponding polypeptides have not been identified (Delmer, 1999) . The products of different CesA genes are believed to be responsible for synthesis of cellulose in primary and secondary walls (Delmer, 1999; Holland et al., 2000) . The functions of the various groups of cellulose-synthase-like (Csl) genes are unknown (Richmond and Somerville, 2000) , although probably all encode ␤-glycosyl transferases. Last, the glucansynthase-like (Gsl) genes resemble fungal (1,3)-␤-glucan synthase (FKS) genes (Douglas et al., 1994) . Gene families not yet identified include those encoding the Golgi-localized enzymes that synthesize the backbones and branches of pectin and other noncellulosic polysaccharides (hemicelluloses), including the mixed-linkage ␤-glucan of graminaceous monocots. However, individual genes encoding a galactosyltransferase involved in galactomannan bio- Figure 6 . RNA-blot analysis of NaCslD1, NaCesA1, NaGsl1, and NaGsl2 expression. N. alata tissues: SE, sepal; PE, petal; AN, anther; ST, style; OV, ovary; MP, mature pollen; 4 through 24, pollen tubes grown for various times, given as h; L, leaf; R, root; S, stem; LS, light-grown seedling; and DS, dark-grown seedling. N. plumbaginifolia tissues: CC, suspension-cultured cells. Transcript sizes are indicated on the right of the figure. A, Blots probed with DIG-labeled UGF-DOMB1R fragment of NaCslD1. Flower buds and vegetative tissues: hybridized and washed at 35°C, exposed for 2 min. Pollen and pollen tubes: hybridized and washed at 42°C, exposed for 2 min. B, Flower buds, pollen, and pollen tubes: blots probed with 32 P-labeled UGF-DOMB1R fragment of NaCesA1, hybridized, and washed at 42°C, exposed for 21 d. Vegetative tissues: blots probed with DIG-labeled UGF-DOMB1R fragment of NaCesA1, hybridized, and washed at 37°C, exposed for 2 h. C, Blots probed with DIG-labeled Fks3F-Fks7R fragment of NaGsl1. Flower buds, pollen, pollen tubes, and vegetative tissues: hybridized at 42°C and washed at 65°C, exposed for 1.5 h. D, Blots probed with DIG-labeled Fks3F-Fks7R fragment of NaGsl2. Flower buds, pollen, pollen tubes, and vegetative tissues: hybridized at 42°C, washed at 65°C, and exposed for 1.5 h. synthesis in fenugreek seed endosperm (Edwards et al., 1999 ) and a xyloglucan fucosyltransferase from Arabidopsis (Perrin et al., 1999) have been cloned using information from the relevant purified plant proteins; both are type II membrane proteins with a single transmembrane sequence.
Pollen-tube walls are simpler than the walls of somatic cells, containing only the two ␤-glucans callose and cellulose, plus ␣-linked pectic polysaccharides (Li et al., 1999) . They are the only plant cells in which the (1,3)-␤-glucan callose forms the major wall structural component and is not subject to rapid turnover. The Nicotiana pollen-tube CalS enzyme is highly active and is distinct from the woundactivated CalS enzyme of other cell types (Schlü pmann et al., 1993; Li et al., 1997 Li et al., , 1999 . We report here that two ␤-glucan synthase genes from different families (NaCslD1 and NaGsl1) are abundantly and specifically expressed in the male gametophyte (developing and mature pollen grains, and growing pollen tubes), and present full-length cDNA sequences for these genes. Further, we propose that the best explanation for this result and the associated sequence data is that the NaCslD1 gene encodes the pollen-tube (1,4)-␤-glucan synthase (CelS) enzyme, and the NaGsl1 gene encodes the pollen-tube (1,3)-␤-glucan synthase (CalS) enzyme.
A "true" CesA gene (NaCesA1) was a minor amplification product from pollen-tube mRNA, but the corresponding gene could not be detected in a pollen-tube cDNA library, consistent with the very low NaCesA1 transcript levels detected on RNA blots. The expression data suggest that NaCesA1 encodes a CelS enzyme that is active in immature anthers and mature pollen grains before dehydration, and thus responsible for deposition of the small amount of cellulose present in the intine of the maturing pollen grain; residual levels of the transcript remain in the growing tube. Instead, the major amplification product using the CesA primers was a CslD gene (NaCslD1) that was highly expressed in pollen grains and growing tubes. Several pieces of corroborative evidence support the hypothesis that NaCslD1 encodes the CelS catalytic subunit of pollen tubes. First, NaCslD1 is likely to be involved in the synthesis of ␤-linked polysaccharides, since the predicted polypeptide sequence contains the D,D,D,QXXRW motif. Second, the CslD family has the most sequence identity (45%-50% at the protein level) with the CesA genes that encode CelS enzymes (Richmond and Somerville, 2000) . Third, the number and position of predicted membrane-spanning helices in the NaCslD1 protein is similar to CesA proteins, indicating that these probably have a similar plasmamembrane topology.
The hypothesis that NaCslD1 encodes the catalytic subunit of the pollen-tube CelS enzyme, rather than any CesA gene, implies that, over the whole plant body, both the CesA genes and the CslD genes encode CelS enzyme components. This is consistent with the finding that the CesA genes are more closely related to the CslD genes than they are to any of the other Csl gene families. There are estimated to be 12 CesA and five CslD genes in Arabidopsis, implying that there could be a total of approximately 17 different genes encoding CelS catalytic subunits. Pollen tubes only express one CslD gene, and minimal levels of one CesA gene, so expression of multiple CesA genes in other plant systems may partly reflect a diversity of cell types being present (Holland et al., 2000) . The detection of NaCslD1 transcripts in male gametophyte tissues and (weakly) in roots indicates that CslD genes may be specifically involved in cellulose synthesis in cell types that undergo tip growth, such as the vegetative cell of pollen tubes, and root hairs. This is consistent with CslD ESTs being identified in root cDNA libraries of Medicago truncatula and Glycine max (http://cellwall.stanford.edu/cellwall/ index.html). In addition, the rhizoids of mosses and liverworts and fern prothalli all elongate via tip growth, and to date only a CslD EST, and not a CesA EST, has been identified in the moss Ceratodon purpureus.
Pollen tubes also express a gene (NaGsl1) similar to the FKS genes of fungi. Several pieces of evidence support the hypothesis that NaGsl1 encodes the pollen-tube CalS. First, NaGsl1 shares low but significant levels of sequence identity with the fungal FKS genes, which encode the membrane-bound catalytic subunit of the (1,3)-␤-glucan synthase of fungi (Douglas et al., 1994) . Highest sequence identity between NaGsl1 and the fungal polypeptides lies in a C-terminal portion of the central cytoplasmic region that is proposed to contain the catalytic domain, as would be expected for proteins that are functional homologs. Second, NaGsl1 is predicted to encode a polypeptide of similar size to the fungal FKS proteins (approximately 220 kD) with a similar transmembrane topology (Douglas et al., 1994) . Furthermore, the polypeptide encoded by the NaGsl1 cDNA is of a similar size to the 190-kD polypeptide that is enriched in the product-entrapment pellet containing the most highly enriched pollen-tube CalS (Turner et al., 1998) . The final size of the active pollen-tube CalS may be slightly less than that predicted from the ORF due to possible proteolytic activation of an initially synthesized zymogen (Li et al., 1999) . Third, the NaGsl1 gene is expressed abundantly and specifically in pollen grains and tubes, consistent with the deposition of large amounts of callose in pollen-tube walls.
One implication of NaCslD1 and NaGsl1 being expressed together is that the pollen-tube plasmamembrane contains two unrelated ␤-glucan synthases. Fungi also express both types of gene with the CHS genes encoding enzymes with a D,D,D,QXXRW motif that synthesize chitin (Bulawa et al., 1986 ) and the FKS genes encoding enzymes without this motif that synthesize (1,3)-␤-glucan (Douglas et al., 1994) . In contrast, bacteria appear to use ␤-glucan synthases with a D,D,D,QXXRW motif to synthesize both (1,4)-␤-linked glucan (cellulose: Matthysse et al., 1995; Saxena et al., 1995) and (1,3)-␤-linked glucan (curdlan: Stasinopoulos et al., 1999) .
Our indication that a Gsl gene encodes the developmentally regulated pollen-tube CalS does not specifically address the issue of the wound-activated enzyme, as we cannot detect any wound-activated, Ca 2ϩ -dependent CalS activity in pollen tubes (Schlü pmann et al., 1993) . There is a long-standing proposal that the wound-activated CalS enzyme may be a deregulated form of the CelS enzyme (Jacob and Northcote, 1985; Delmer, 1999) . There is already precedent for a bacterial member of the CesA/Csl family synthesizing (1,3)-␤-glucan (CrdS; Stasinopoulos et al., 1999) , and there is direct genetic evidence that the Dictyostelium CesA gene product that makes (1,4)-␤-glucan in vivo also makes (1,3)-␤-glucan in vitro (Blanton and Northcote, 1990; Blanton et al., 2000) . A similar phenomenon is observed with the mixedlinkage glucan synthase of corn or barley as, when isolated Golgi membranes are assayed in the presence of UDP-Glc, a (1,3)-␤-glucan synthase activity is detected although no callose is deposited in vivo (Gibeaut and Carpita, 1993; Becker et al., 1995) . Oomycetes, filamentous organisms that deposit a wall containing both cellulose and callose, have (1,3)-␤-glucan synthases that are biochemically distinct from those of plants and fungi (Billongrand et al., 1997; Antelo et al., 1998) and that may be a third type of enzyme. Our data also do not bear on the function of the Csl A, B, C, E, and G gene families in plants, and these may encode components of other polysaccharide synthases, such as those responsible for synthesis of the (1,4)-␤-linked backbones of xyloglucan, xylan, or glucomannan.
Transcripts of NaGsl1 and NaCslD1 accumulate after the mitotic division in developing anthers, reach a maximum level in mature pollen, and remain high throughout pollen-tube growth. This male gametophyte expression profile indicates that both are "late" pollen-expressed genes proposed to be involved in pollen maturation, germination, and pollen-tube growth (Mascarenhas, 1993) , with the relative levels of the NaCslD1 and NaGsl1 transcripts in pollen and pollen-tube RNA reflecting the relative levels of their glucan products in the pollen-tube wall. However, the differential timing of cellulose and callose deposition indicates that the relevant genes or enzymes are likely to undergo differential regulation. There is some evidence for specific post-transcriptional regulation of expression of NaGsl1, as no CalS activity or callose is detectable in pollen grains (Li et al., 1999) despite the presence of large amounts of the NaGsl1 transcript before grain dehydration. Therefore, it appears that NaGsl1 transcripts are stored in the grain before desiccation and then translated upon germination like other late pollen-expressed genes (Mascarenhas, 1993) . There is also evidence for specific post-translational control of CalS activity in pollen tubes through activation of a zymogen (Li et al., 1999) . The sequences of NaCslD1 and NaGsl1 also indicate the potential for translational control of gene expression, as both contain in-frame ATG codons and stop codons at their 5Ј end. In any case, the identification of genes proposed to encode the major ␤-glucan polysaccharide synthases of pollen tubes now allows a more detailed analysis of the mechanisms that regulate the timing and location of deposition of these wall polymers.
Proof of gene identities will require either a genetic/transgenic approach, or a proteomics approach. A recent comparative analysis of CesA family members (Holland et al., 2000) concluded that orthologs (functional homologs across species) are often more similar than paralogs (other homologs within species), which suggests that AtCslD4 and AtGsl2 could be the Arabidopsis pollen-tube ␤-glucan synthases and thus the preferred targets for genetic manipulation to determine gene function. In contrast, Nicotiana remains the better system for biochemical and proteomic studies of pollen tubes, and the ability to enrich an active and stable pollen-tube CalS (Turner et al., 1998) will allow the complementary proteomics approach to gene identification.
MATERIALS AND METHODS
Plant Material and Pollen-Tube Culture
Plants of Nicotiana alata Link et Otto (ornamental tobacco, self-incompatibility genotypes S 2 S 2 ) were grown and maintained in a pollinator-proof glasshouse under standard conditions. Suspension-cultured cells of N. plumbaginifolia were maintained as in Sims and Bacic (1995) . Pollen from open flowers was collected for in vitro growth experiments. Pollen-tube growth medium and culturing conditions were as described by Schlü pmann et al. (1993) with the modifications of Li et al. (1997) . Pollen tubes were harvested by filtration on a GF/A filter disc (Whatman) and frozen in liquid nitrogen for RNA extraction.
translations of two short peptides conserved in the fungal FKS and the cotton and Arabidopsis FKS-like proteins (Douglas et al., 1994 ; sequences now assembled at http:// cellwall.stanford.edu/). The level of degeneracy was reduced using the Nicotiana codon bias table (http://www. kazusa.or.jp/codon/).
Total RNA was isolated essentially as described by McClure et al. (1990) . First-strand cDNA was synthesized in a 25-L reaction that contained 1 g of total RNA, 1ϫ PCR buffer (Life Technologies/Gibco-BRL, Cleveland), 2.5 mm MgCl 2 , 400 m dNTPs, 10 pmol oligo d(T) Ad1Ad2 primer (5Ј CTGAGAGAACTAGTCTCGAGCTCTAGAACAAGCT TTTTTTTTTTTTTTTT 3Ј), 10 mm dithiothreitol, 40 units of RNase inhibitor (Promega, Madison, WI) and 200 units of Superscript II reverse transcriptase (Life Technologies/ Gibco-BRL). Reactions were heated to 70°C for 10 min and template RNA removed by adding 1.5 units of RNase H (Promega).
cDNA (2.0 L) was amplified by PCR in 50-L reactions that contained standard reagents and enzymes and either the UGF and DOMB1R primers or the Fks3F and Fks7R primers (150-350 ng each primer). DNA was heated to 96°C for 2 min, followed by a program of 94°C for 20 s, 45°C for 45 s, and 72°C for 1.5 min, for 55 cycles. PCR products were analyzed, cloned, and sequenced using standard recombinant DNA methods (Sambrook et al., 1989) and commercially available reagents.
Construction and Screening of cDNA Libraries
RNA was isolated from N. alata pollen tubes grown in culture for 12 h, and poly(A ϩ ) RNA prepared using the PolyATtract system (Promega). The ZAP-cDNA kit (Stratagene, La Jolla, CA) was used for synthesis of cDNA from approximately 5 g poly(A ϩ ) RNA. The estimated size of the unamplified pollen-tube library was 2.4 ϫ 10 6 plaqueforming units. The library was amplified before screening. The amplified N. alata S 2 S 6 pistil cDNA library is described in Royo et al. (1996) .
DNA probes for library screening were randomly labeled with [␣- 32 P]dCTP (3,000 Ci/mmol; Amersham, Buckinghamshire, UK) using the Prime-A-Gene labeling kit (Promega). Plaque lifts on nylon membranes (Hybond N ϩ , Amersham or Magna, MSI) were hybridized with radioactive probes at 37°C overnight. Filters were then washed twice with 2ϫ SSC, 0.1% (w/v) SDS (5 min, room temperature), then twice with 1ϫ SSC, 0.5% (w/v) SDS (15 min, 37°C), and were exposed to film (RX [Fuji Photo Film, Tokyo] or XAR [Kodak, Rochester, NY] ) with an intensifying screen at Ϫ70°C for 1 to 4 d. Positive plaques were purified to homogeneity and converted into plasmids using ExAssist (Stratagene).
Sequencing and Sequence Manipulation
The NaCslD1 and NaGsl1 cDNAs were initially sequenced using vector-specific primers. Primers based on these sequences were used to sequence further into the clones, a procedure that was repeated until both strands had been completely sequenced. The 5Ј end of NaGsl1 was obtained by primer extension using 12-h pollen tubes as the RNA source.
The NaCesA1 cDNA could not be sequenced using this procedure. Instead, the clone was amplified by PCR using the UGF and DOMB1R primers and an aliquot of lysed phage stock as template. Amplification products were purified and sequenced. The 5Ј and 3Ј ends of the clone were obtained by PCR using the T3 and T7 primers in combination with UGR or DOMB1F, respectively, and the resulting fragments purified and sequenced. Additional primers were used to amplify the remainder of the clone.
Sequences were compared with databases using software available through the Australian National Genome Information Service (http://mel1.angis.org.au). Sequences were aligned using PileUp (Version 8, Genetics Computer Group, Madison, WI) and edited using SeqApp 1.9 (http:// iubio.bio.indiana.edu/molbiol/). Phylogenetic trees were constructed from these alignments using PAUP Version 4.0.b2a (Swafford, 1999) . Robustness of branches was estimated using 100 boot-strapped replicates with the heuristic search option.
RNA-Blot Analyses
Total RNA (10-20 g) was fractionated on a 1% (w/v) agarose-formaldehyde gel in 1ϫ MOPS (3-(N-morpholino)propanesulfonic acid) running buffer (20 mm MOPS, 5 mm NaOAc, 1 mm EDTA, pH 7.0) and transferred to nylon membranes (Hybond N ϩ , Amersham or Magna) by a standard protocol (Sambrook et al., 1989) . After transfer, membranes were briefly rinsed in 2ϫ SSC, air-dried, and the RNA fixed to the membrane using UV light. The RNA blots were then hybridized in 50% (v/v) formamide, 5ϫ SSPE, 2% (w/v) blocking agent (Boehringer Mannheim/Roche, Basel) in 0.1 m maleic acid/NaOH, pH 7.5, 0.15 m NaCl, 0.1% (w/v) lauroyl sarcosine, 7% (w/v) SDS, with either a radioactive DNA probe as for cDNA library screening or a digoxygenin (DIG)-labeled DNA probe (Roche), then washed in 1ϫ SSC, 0.5% (w/v) SDS at 35°C to 42°C (NaCslD1 and NaCesA1 probes) or 0.5ϫ SSC, 0.5% (w/v) SDS at 65°C (NaGsl1 and NaGsl2 probes), as described in figure legends. RNA blots probed with a radioactive probe were exposed to film at Ϫ70°C with an intensifying screen. Blots probed with DIG-labeled DNA were developed using a chemiluminescent detection method (Boehringer Mannheim/Roche). Transcript sizes were estimated using an RNA marker (Promega). rRNA detected with ethidium bromide or with a DIG-labeled fragment of the N. alata 18S rRNA gene was used for loading comparisons.
